This paper presents the results of experimental characterization of the jet plume of a radio frequency atmospheric-pressure microplasma using single and double Langmuir probes. High-pressure Langmuir probe theories for different regimes of operation based on the bulk flow velocity and sheath thickness are applied. The plasma density and temperature vary from 5x10 16 -1x10 19 m -3 and 2.3 -4 eV depending on operating condition. The density decreases while the electron temperature increases with axial distance away from the jet exit. The maximum electron temperature is observed at the lowest power and highest flow rate tested. The behaviors are attributed to high collisionality and fluid dynamic effects.
I. Introduction
HE largest industrial use of plasmas is in material processing. The fabrication of integrated circuits that drives our high tech world depends on plasma processing techniques such as plasma vapor deposition and plasma etching for semi-conductor fabrication. Modern industrial plasma processes utilize low-pressure vacuum plasmas, most commonly rf driven at 13.56 MHz. The recent demonstration of microplasma deposition of nanomaterials [1] [2] [3] and etching of silicon 4, 5 opens the door to a new and exciting area of research and application. Microplasmas are a regime of plasmas with at least one dimension on the millimeter or smaller scale. Microplasmas can form stable discharges at high-pressure by following pD scaling. Here p is the pressure and D is a characteristic dimension of the plasma. The greatly reduced scale of microplasmas creates different properties and behaviors. Evidence in the literature suggest a loss of quasineutrality, 6 high electron densities up to 10 16 cm -1 , 7 non-equilibrium ion and electron temperatures, 8, 9 non-Maxwellian electron energy distributions, 10, 11 and high specific power from kW/cm 3 up to MW/cm 3 . 12 The difficulty in microplasma diagnostics arises from the small size of the plasma and high pressures. At atmospheric pressures, the ion mean free path is smaller than the Debye length, creating a collisional plasma and collisional sheath. With the addition of an often significant gas flow rate, Langmuir probes analysis based on traditional collisionless theory is typically not applicable. The small size of the plasma, often a few millimeters or sub-millimeters wide, means the probe and plasma are often the same size scale. This can lead to increased perturbations to the plasma dynamics. For these reasons, optical diagnostics are commonly used for microplasmas. Optical emission spectroscopy (OES) using collisional-radiative models (CRM) [13] [14] [15] and Stark broadening 16 have been used to obtain measures of electron temperature and electron number density. More advanced methods have include laser interferometry, 17 laser scattering, 18 and laser induced flouresence. 19 A few researchers have applied Langmuir probes to these microplasma. 16, [20] [21] [22] [23] The main benefit of Langmuir probes over optical methods is their simplicity, low cost, and analytical solutions. Optical diagnostics can require significant capital investment and detailed mathematical models of the electronic transitions and radiation emissions in order to obtain plasma properties. Thus there is continued interest in the use of Langmuir probes for high pressure plasmas.
This paper discusses measurements of plasma density and electron temperature obtained from single and double Langmuir probes of an atmospheric microplasma (AMP) on argon. Section II presents a brief overview of highpressure Langmuir probe theory. Section III presents the experimental setup. Section IV presents the experimental results. Finally Section V discusses of the accuracy of the probe regime criteria and causes of the observed changes in the plasma properties. 1 
II. Diagnostic Overview

A. High-Pressure Single Langmuir Probes
The earliest published work in Langmuir probe theory in high-pressure plasmas was done by Su and Lam 24 in the 60's. They took into consideration the effect of collisions and bulk flow convection on the ion current collected by a spherical probe at negative probe biases collecting ion current. Clements and Smy later improved on the theory to measure ion density for cylindrical probes. 25, 26 Subsequent works have developed methods to measure electron temperature, gas temperature, and electron density using spherical, flat, and cylindrical probes. [27] [28] [29] As we used cylindrical probes in this work, only equations for cylindrical probes will be given here. For the sake of brevity, the analytical probe solutions will be presented without derivation and the reader is referred to the appropriate references for more details.
The simplest cylindrical single Langmuir probe (SLP) design consists of a conducting wire inserted into a dielectric tube such as alumina. The wire extends a short distance, a few millimeters, from the tube and is exposed to the plasma. The wire is connected to a dc power supply and current meter. By varying the probe bias voltage, different amount of current is drawn from the plasma. The resulting I-V curve can be analyzed to obtain plasma properties. Other version of the SLP may use different shapes for the conductor immersed in the plasmas. Spherical probes were the first to be analyzed due to their symmetric nature which simplifies the theory. Theories for flat probes such as a one or two-sided disk have also been developed. The different geometries result in different analytical equations and constants when calculating the plasma properties, but the theory and range of applicability are the same for all.
In high-pressure plasmas, the SLP current-voltage trace has a clear ion saturation region but has ill-defined electron saturation as shown in Figure 1 . This is likely caused by the lack of a reference electrode in the plasma. Without either a ground, such as a vacuum chamber wall, or an anode to act as reference and provide a path for the repelled ions, the sheath surrounding the probe continues to grow with the bias voltage thus continuously increases the electron current. Thus it is difficult to obtain useful information from the electron repulsion region of the I-V curve, but the ion saturation region can be used to find the bulk plasma density, which is done in this work.
High-pressure SLP can be divided into either stationary or flowing plasmas regimes, and both are further subdivided depending on the thickness of the probe sheath for a total of six different regimes. 30 The regimes are delineated by three nondimensional numbers: the electric Reynolds numbers (R e ), a Debye ratio (α), and a non-dimensionalized probe bias voltage (χ) shown in Eqs. (1) -(3).
2 pf
Here r p is the probe radius, v f is the bulk flow velocity, μ i is the argon ion mobility taken as 1.54 x 10 -4 m 2 /Ns, 31, 32 T eV is the electron temperature in units of eV which equals / e kT e for electron temperature in Kelvin, and V p is is the bulk plasma number density, and e is the elementary charge. Physically, R e is a ratio of ion transport due to flow convection versus ion diffusion and α is a ratio of sheath thickness to probe radius.
Stationary Plasma
Thin Sheath
The simplest case of high-pressure SLP is for a quiescent stationary plasma. This is the condition if R e < 1, thus ion transport to the probe is controlled by diffusion rather than convection due to the bulk flow. If the probe sheath is thin compared to the probe radius (αχ << 1 or r sheath ≈ r p ), the bulk plasma density, n 0 , can be determined from the ion saturation current from Eq. (4), where L is the probe length. 
Thick Sheath
If the probe sheath is thick compared to the probe radius (αχ >> 1), the collected current will increase with sheath surface area, thus the thin sheath equation will over predict the plasma density. The thick sheath solution for stationary plasmas as given by Kiel adds a factor R s to account for the increased collection area. 
Here Z is the charge state, λ in is the ion-neutral mean free path, and MW i is the molecular weight of the ion species. Drawings of the thin and thick sheath stationary regimes are shown in Figure 2 . 
Flowing Plasma
In most high-pressure plasmas such as flames, arcs, or the microplasma jet in this work, the bulk flow velocity is on the order of 1 m/s or larger. In these cases R e > 1 and the collected ion current is primarily due to flow convection rather than diffusion. Thus the flow velocity becomes important to determine the plasma density. As the probe sheath thickness increases, the collection of plasma ions become controlled by different behaviors. Figure 3 shows drawings of the four flowing regimes. Equations for the bulk plasma density for each regime are given below. 
Diffusion-Convection (Thin Sheath)
At low voltages, the probe sheath is thin compared to the probe radius and thinner than the hydrodynamic boundary layer. Thus the effect of the sheath is negligible compared to the boundary layer convection and normal diffusion. This regime occurs when the quantity R e α 2 χ 2 << 1 and is called the diffusion-convection regime. The plasma density is calculated from Eq. (7) where e is the elementary charge. 
Sheath-Convection (Thin Sheath) As the probe sheath thickness increases and becomes larger than the hydrodynamic boundary layer, but still thin compared to the probe, ions can enter the sheath without being affected by the boundary layer. In this regime the ions entering the sheath have a low enough flow velocity that they will be accelerated to the probe by the sheath electric field. Thus the collected probe current is due to both the sheath acceleration and direct convection. It is assumed that all ions that enter the sheath are collected by the probe, creating a space-charged region. The thin sheath additionally means the effective collection area is approximately the probe area. The sheath-convection regime occurs when R e α 2 χ 2 >> 1, R e α 2 < 1, and αχ << 1. The latter condition requires a low probe bias in order to produce a thin sheath. The plasma density is determined for Eq. (8).
Sheath-Convection (Thick Sheath)
At high biases (αχ >> 1) the sheath becomes thick compared to both the boundary layer and probe. Now the boundary layer becomes negligible, the sheath expansion greatly increases the effective ion collection area, and the majority of the collected current is due to sheath acceleration with direct convection having a minor contribution. It is still assumed all ions that enter the sheath are subsequently collected by the probe. This regime is thus represented by R e α 2 χ 2 >> 1, R e α 2 < 1, and αχ >> 1, similar to the previous thin sheath case. The plasma density here is calculated from Eq. (9) . Unfortunately the equation does not have a simply analytical form and requires iteration to find the correct density for a given current.
The final regime in flow plasma occurs when the sheath thickness is very large compared to the probe radius and the flow velocity is sufficiently high that ions can enter the sheath and be convected out before the sheath electric field can direct the ion to the probe. Thus in a portion of the sheath region the ion density essentially remains at the bulk plasma value. This regime is represented by R e α 2 > 1. The plasma density can be calculated from Eqn. (10). 
Double Langmuir Probes
Double Langmuir probes (DLP) is a class of floating probes often used to measure electron temperature when the plasma potential can change over time. Since the entire probe is floating, and the two filaments are referenced to each other and saturation is typically easy to observe as show in Figure 4 . The use of a DLP in high-pressure plasma is much simpler than the SLP. The high-pressure and flowing nature of the plasma can affect measurements of T e if electrons are sufficiently cooled by heat transfer to the colder probe, thus the measured temperature is lower than the bulk temperature. The conditions for electron cooling are given in Eqs. (11) for stationary and (12) 
where dI p /dV p is the slope of the I-V curve at zero current. In practice, as can be seen in Figure 4 , the curve is not symmetric, does not cross the origin, and the saturation legs are not flat. dI p /dV p can be taken as the slope of the middle leg of the curve, which mathematically can be taken as the inflection point, located by finding the maximum of the first derivative. The y-intercept for the inflection point can also be found. The saturation current of filaments 1 and 2, the top and bottom legs, can be obtained by determining the saturation voltages ("knees" in the curve) from the maxima and minima of the second derivative as shown in Figure 4 . The saturation voltages are then combined with the slope and y-intercept of the inflection point to determine the saturation currents. The shifting of the curve from a symmetric profile and off the origin has two possible causes: unequal exposure of the filaments to the plasma, and the filaments are in regions of the plasma with sufficiently different properties. A third factor in DLPs is the relative areas of the filaments. In the DLPs used here, both filaments are measured to have an exposed length of approximately 1 mm. While there may be slight differences in the filament area due to human error, the effect should be minor and is neglected. The unequal exposure of the two filaments can be easily seen in Figure 5 where the same DLP is moved slightly left and right from the approximate center of the jet. The I-V curve can be seen to shift positive and negative in both voltage and current due to this change. However the general profiles are still similar and the calculated electron temperatures results in < 4% difference. The second factor, the filaments in different plasmas, was tested by rotating the probe 90° such that one filament was below the other. The resulting curves shown in Figure 6 are substantially different and no longer resemble a DLP curve. All of the DLP data obtained here only exhibited shifts in the profile, which is indicative only of unequal immersion, and as such useful results can be obtained. 
III. Experimental Setup
All experiments were performed on the AMP system at the Plasma and Electrodynamics Research Lab (PERL) at the University of Alabama in Huntsville. The microplasma is created in a fused quartz tube with 2 mm ID and 6 mm OD. A coaxial style antenna is used to energize and sustain the plasma. The antenna is comprised of a 1 mm diameter tungsten central pin inside the tube and an 8 mm (5/16") long stainless steel collar as the outer electrode near the tube exit. The central pin is grounded and the outer collar is powered. A schematic of the experiment is shown in Figure 7 . The AMP is operated at 14 MHz using a commercial Yaesu FT-950 radio transceiver, an AT5K matching network, and an LP-100A rf wattmeter. An MKS mass flow controller meters the argon flow rate to the AMP. In all conditions tested, the mass flow rate was maintained at ± 0.02 slm, the rf power at ± 0.5 W, and the standing wave ratio (SWR) always below 1.05. The basic plasma properties of number density, electron temperature, and gas temperature are measured using Langmuir probes in the jet and an insulated thermocouple downstream of the jet as shown in Figure 7 . The SLP is constructed from a 0.13 mm diameter tungsten wire held in a 1.6 mm diameter alumina tube. The DLP uses the same wires in a double bore alumina tube 2.4 mm in diameter. RF chokes are placed in line to remove noise due to the rf signal. Both probes are voltage swept with a Keithley 2400 sourcemeter controlled by LabVIEW. A 0.3 second delay was added between each voltage step to allow time for the readings to settle. Three readings were taken and averaged for each voltage and three separate sweeps were taken at each operating condition and then average to produce the final I-V curve. The raw data was smoothed using the LOESS method to reduce noise.
A type K thermocouple was placed on the underside of a glass plate and placed under the jet as shown in order to obtain measurement of the gas temperature. The measured gas temperature is the stagnation temperature of the jet, and represents an average value which is sufficient for this work.
IV. Results
The AMP is operated on argon at combinations of flow rates (0.5, 1, and 2 slm), rf powers (30, 50, and 70 W), and axial distances (0-3 mm) from the initial position shown in Figure 7 . The gas temperature was measured for all flow rates and powers, but at a single location. The electron temperature and plasma density were measured from 0 -3 mm at 50 W for 0.5 -2 slm, and at 30 and 70 W for 1 slm. Figure 8 shows images of the AMP jet operating at 50 W and different flow rates. Increasing power produces a longer jet. Between 0.5 and 1 slm there is little difference in the appearance of the jet. 0.5 slm appears to be the lower limit of operation. Below that the plasma extinguishes. At 2slm the jet becomes noticeably shorter and appears like it is fluctuating. There gas flow is also clearly heard as a rushing sound out of the quartz tube, likely due to nearing a turbulent flow limit. Figure 9 shows 30 and 70 W operation both at 1 slm. The jet is much shorter at the lower power, and becomes slightly longer at higher power. This was also seen in the probe traces as downstream locations for 30 W typically did not provide sufficient currents to be considered in the plasma. 
A. Physical Description
B. Gas Temperature
A single stagnation gas temperature measurement was taken at each power and flow rate and is shown in Figure  10 . The gas temperature shows the expected increase with input power and decrease with flow rate. Higher power adds more energy to the gas thus increasing temperature, and high flow rates entrain more ambient cold fluid which decreases the temperature. At high flow rates and low powers, the rf AMP has temperatures suitable for sensitive applications such as tissue treatment. 
C. DLP Electron Temperature
The use of the SLP solutions to determine the plasma density is dependent on the electron and ion temperature. T e is obtained from the DLP and the ion temperature is assumed to be equal to the gas temperature. Luckily, analysis of the DLP curves does not require a prior knowledge of the plasma density or temperature. Using Eq. (13), the electron temperatures at 50 W from 0.5 -2 slm are shown in Figure 11 , and 30 -70 W at 1 slm is shown in Figure  12 . Measurements were not obtained for all locations and conditions. At the high and low flow rates the plasma jet became noticeably shorter. The plasma at these downstream locations was sparse enough the DLP I-V curve was nearly linear and not usable.
T e as a function of flow rate in Figure 11 shows an increase with distance and a large increase at 2 slm. All three curves are at 50 W, thus the only variable is the flow rate. High flow rates require an increase in pressure that will slightly increase the neutral density, however the change is negligible. From 0.5 to 2 slm, the bulk flow velocity increases by 7.96 m/s, and using Bernoulli's equation this results in a pressure increase of only 7.1 Pa. Thus the main effect of flow rate in to increase the bulk velocity. Figure 12 shows the electron temperature for 30, 50 , and 70 W all at 1 slm. The lowest power produces the highest temperature. Whether this behavior is physical or an artifact of DLPs in high-pressure plasma is unknown. Measurements of the electron temperature with alternative methods are required to provide comparisons. A similar behavior however was observed by Mariotti for a UHF microplasma. 14 In that work the author attibuted the decrease in electron temperature with input power to the increase of the plasma volume which stretchs the electric field and decreases the energization of electrons. 
D. SLP Probe Regimes
As evident by the example curve shown in Figure 1 , once ion saturation is reached, it is nearly constant. To ensure ion saturation, the saturation current is taken between -100 and -150 V depending on the clarity of the data. At higher powers, voltages much below -100 V can cause arcing to the probe and resulted in large current jumps.
The first set of tests varied the mass flow rate at 50 W at 0 mm to compare the results from the different SLP theories. The biggest effect of the mass flow rate is to change the bulk flow velocity, thus the electric Reynolds numbers. The probe regime parameters at 50 W are shown in Table 1 . At the lowest flow rate tested of 0.5 slm, the plasma is in the stationary regime. As flow rate increases, the plasma clearly becomes a flowing plasma. Electron cooling is negligible by either the stationary or flowing plasma criteria. For DLP's, this means the measured electron temperature is the bulk value.
For the flowing plasma, the criteria R e α 2 χ 2 >> 1 and R e α 2 < 1 clearly places the probe in the sheath-convection regime. The only question is whether the sheath is thin or thick. Smy gives the criteria that the sheath is thick if αχ >> 1, and conversely the sheath is thin if αχ << 1. 30 The thin and thick sheath results produce similar values for plasma density. For example, the 2 slm case gives a plasma density of 2.23 x 10 18 m -3 for thin sheath-convection, and 2.59 x 10 18 m -3 for thick sheath-convection, about a 15% difference. Clements gives an uncertainty of ± 30% for the thick sheath-convection solution based on comparisons between theory and experiment. Similar differences are found for the stationary case, with the thick sheath results being smaller. These behaviors also hold for 30 and 70 W. The four different regimes (thin and thick stationary, thin and thick sheath-convection) as a function of probe location at 50 W and 0.5-2 slm is shown in Figure 13 . In general, the stationary solutions produce higher density than the flowing solutions. There is also a much larger difference between thin and thick sheath stationary results than for the flowing cases. The difference between thin and thick flowing results is on average 16%. The stationary solution is only valid for 0.5 slm here as 1 and 2 slm have R e > 1. Thus according to the criteria set out previously, the probe measurement in this work fall into two regimes: thick stationary at 0.5 slm, and thick sheath-convection at 1-2 slm. This is true at 30 and 70W as well. Figure 14 re-plots the 50 W data using the appropriate probe regimes. There is a decrease in density with distance as one would expect. However the maximum plasma density is observed at 1 slm as opposed to 2 slm where the electron temperature is the largest. Figure 15 shows the same data but for different input powers all at 1 slm. The 30 and 50 W data are consistent while 70 W has a non-monotonic behavior that takes it below the 50 W densities at points. The error bars in the graphs are ± 30% as given by Clements for the method used. 
V. Discussion
A. Probe Sheath Thickness Criteria
The given criteria for thick sheath (αχ >> 1) that separates much of the flowing plasma regimes is largely based on the effect of the probe bias since α is constant for a given operation condition. Thus αχ, and presumably the sheath thickness increase linearly with voltage. However sheath growth with voltage has a non-linear behavior. The radius of the sheath, r s , in a collisional plasma can be calculated using Sheridan's model, 37 which we have previously used to model flame plasma sheaths. 38 The hydrodynamic boundary layer thickness on a cylinder, r h , can be approximated as
Here R h is the standard hydrodynamic Reynolds number for a cylinder   Figure 16 . While αχ grows linearly with voltage, the calculated non-dimensional sheath thickness r s /r p grows much slower and has a square root behavior. The boundary layer thickness is constant for a given flow rate as it's only based on velocity. Also plotted is the parameter R e α 2 χ 2 which separates the diffusion-convection and sheath-convection regimes.
As voltage increases, the first criteria crossed is R e α 2 χ 2 = 1 at approximately 9 V which separates diffusionconvection and sheath-convection. The physical distinction between these two regimes is when the sheath becomes thicker than the boundary layer, r s /r p > r h /r p , which also occurs at about the same voltage. Thus R e α 2 χ 2 = 1 is an accurate criteria. The second criterion reached with increasing voltage is the thin/thick sheath separation. There is no clear definition for what is considered a thick sheath. The thick sheath-convection solution used in this work is based on the theory of Clements who uses r s ≥ 2r p as the thick sheath criterion. 25 However as Figure 16 shows, the calculated sheath thickness grows rather slowly, and only reaches a value of 1.77 at 150 V, the max probe bias used in this work. Thus the sheath may not quite reach Clements' factor of 2 that would define a thick sheath. The thin sheath-convection regime may extend significantly further than expected and the thick sheath-convection solution used here for the flowing plasma cases may be incorrect. But as the differences between the thin and thick solutions are less than the uncertainty, the effect should be minor. 
B. Collision and Flow Effects on Plasma
The plasma temperature and density results show the plasma does not behave as would be expected if this was a collisionless plasma, i.e. electron temperature increases with distance from the source and increases with flow rate, and plasma density is noticeably higher at 1 slm. The two likely explanations for these results are either an incorrect analysis or use of the probe, or effect of atmospheric-pressure operation. The first case of erroneous results due to probe data can be ruled out by inspection of the raw DLP data for 50 W, 1 mm, and 0.5 -2 slm shown in Figure 17 . These three curves produced the 1 mm data in Figure 11 . All three curves exhibit clear saturation and a consistent shift from the origin caused by unequal exposure as previously discussed. The slope of the middle portion of the curve, dI p /dV p , which relates to the electron temperature is smallest for 2 slm, thus producing a large temperature. So while the exact values of the T e may have some uncertainty, the trends appear true. It is also known that T e obtained from DLPs capture the higher energy tail of the energy distribution. Swift calculated DLPs only measure the upper ~14% of the electron energy distribution. 39 Thus the high T e values obtained here may be true, but only captures the high end tail.
As a side note, it can be seen that the saturation current trends from the DLP do not match to the density trends obtained with the SLP in Figure 14 for the same conditions. From the SLP, the largest plasma density was obtained at 1 slm. However the raw DLP data would indication that 0.5 slm has the largest current and thus density. While the DLP is not normally used to calculate the plasma density due to not fully reaching ion or electron saturation, this discrepancy may indicate an error in the experiment or a variation in the AMP as the SLP and DLP measurements were taken over different days. Changes in humidity or ambient temperature may cause changes in the AMP behavior that can affect the plasma. We now turn to the second cause of the unexpected trends: high-pressure operation. The two key differences between vacuum plasmas and atmospheric-plasmas are the large increase in charged particle-neutral collisions and the potential appearance of fluid dynamic effects. The number density of charged particles seen here are of similar magnitudes as many vacuum plasmas, and in some cases much larger. However in the AMP the plasma density is always multiple orders-of-magnitude smaller than the neutral density, which is on the order of 10 25 m -3 . This means the majority of collisions occur between ion/electrons and neutrals as opposed to ions and electrons. Ion-neutral collisions are responsible for the heating of the neutral gas through momentum transfer collisions. Electron-neutral collisions, by nature of their large mass difference, are unable to efficiently transfer the electron's energy to the neutral. Thus ions maintain a relatively low temperature while electrons stay energize, creating a non-equilibrium plasma. The high electron temperature at low power is likely due to the lower densities and the increased electronion recombination rate at lower energies. The argon electron-ion recombination rate is inversely dependent on electron temperature. 40 From 1 to 4 eV the recombination rate differs by an order of magnitude, thus lower energy electrons are more likely to recombine in the jet, leaving the higher energy electrons to be collected by the probe. Additionally, the plasma density at 30 W is at least an order of magnitude smaller than 50 and 70 W. This can further contribute to the increase in temperature as fewer electrons are lost to recombination at 30 W.
The appearance of continuum fluid dynamics adds a second wrinkle to the behavior of the AMP. Due to the highly collisional nature of the plasma, it becomes strongly affected by convective forces. As such, flow structures and turbulence may play a role. As seen in the images of the AMP jet shown in Figure 8 diameter which is taken equal to the inner diameter of the quartz tube, is approximately 400 at 0.5 slm, 800 at 1 slm, and 1700 at 2 slm. As R jet increases, the entrainment and mixing with the ambient air increases which increases the rate of spread of the jet velocity. Labus conducted free jet experiments over a range of R jet from 155 to 5349 with a 2.54 mm diameter nozzle with helium. 41 He showed a peak in the potential-core length at R jet = 1000 -1500. The potential-core is the region of a jet flow where the velocity is still equal to the initial exit velocity. In the potentialcore, mixing has not yet occurred. Thus the potential-core length is proportional to the jet length. Above the peak R jet , entrainment and jet spreading caused momentum loss faster than the momentum increase from higher exit velocities. The same phenomenon is likely occurring in the AMP jet. At 2 slm, the jet experiences large momentum loss and becomes shorter. The entrainment of ambient air via the shear layer and vortices will increase collisions, possibly further depleting the low energy electrons at high flow rates.
Lastly, the peak in plasma density at 1 slm can be attributed to the same jet velocity phenomena. At 1 slm, the jet is visibly longer. The jet Reynolds number also indicates 1 slm is near the peak in potential-core length, thus the plasma is able to reach further downstream without being lost to mixing and recombination.
VI. Conclusion
This work focused on the application of traditional cylindrical single and double Langmuir probes to an atmospheric-pressure microplasma jet. The simple construction and low cost of these probes make them attractive even in the difficult environment of a collisional flowing plasma. The results obtained using existing solutions for various probe regimes shown the electron temperature is largest at low power and high flow rates, 30 W and 2 slm as tested here. The cause of this behavior may be a combination of high collisionality depleting low energy electrons and flow turbulence that further increases collisions via the generation of vortices and entrainment of heavier ambient air molecules. The plasma density is highest at 1 slm likely because 1 slm provides the longest potentialcore length and thus the bulk flow velocity which controls the charged particle motion more than diffusion is able to reach further downstream. The results presented suggest a complex interaction between the jet fluid dynamics and plasma kinetics. Comparison of the plasma properties obtained with non-intrusive methods is required for confirmation of not only the observed behaviors, but also the validity of the Langmuir probe methods. A comprehensive model that includes fluid dynamics and plasma kinetics would also help to better understand the physics.
